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A B S T R A C T

The present paper aims at assessing the carbon and energy footprint of an innovative process for carbon dioxide
recycling, with flue gas as feedstock of nitrogen and carbon dioxide. Nitrogen is converted into ammonia through
the Haber-Bosch process and carbon dioxide into methane via Sabatier reaction using hydrogen produced by
renewable electricity excess. Carbon and energy footprint analysis of the process was assessed based on ex-
perimental data related to hydrogen production by electrolysis, methane synthesis via Sabatier reaction, energy
consumption and energy output of the process units for flue gas separation, carbon dioxide methanation and
ammonia synthesis. A Life Cycle Assessment method is applied, based on the experimental and computational
data, both in case of renewable electricity excess and electricity from the grid. Results show that in case of
renewable electricity excess, for a functional unit of 1 kg of treated flue gas, the specific carbon footprint is
0.7819 kgCO2eq and energy footprint is 50.73MJ, which correspond to 4.012 kg and 260.3MJ per 1 kg of pro-
duced hydrogen. In case of electricity from the grid, the specific carbon footprint is 1.550 kgCO2eq and energy
footprint is 59.12MJ per flue gas mass unit. If the carbon footprint is positive, the process indirectly leads to
avoided emissions, ranging from 0.673 to 0.844 kgCO2eq kg−1

fluegas, thus proving the sustainability of the proposed
pathway.

1. Introduction

Moving towards the implementation of the Circular Economy plan
at European level drew attention to the waste and by-products of a
process [1]. Resource efficiency, i.e. reducing the raw material dedi-
cated to obtain a certain amount of product, should be coupled with the
utilization of the other results of the process for increasing the yield of
the process itself or to provide raw material to others. Among such
options, flue gas is the by-product of fuel combustion [1]. Flue gas is
composed by Greenhouse Gases (GHG), mainly carbon dioxide (CO2)
entailing negative effects on the environment. In order to comply with
law in force the industry sector has to be equipped with CO2 removal
technologies [2]. Residual CO2 may be used to produce gaseous or li-
quid fuels via a large number of pathways based on the transformation
of renewable energy [3]. Power-to-gas (PtG) process converts electricity
into hydrogen (H2) through water electrolysis and then methane (CH4)
is produced from CO2 and H2 via Sabatier reaction. PtG technology is

studied with energy purposes to allow a better integration of the fluc-
tuating renewable energy in the electric grid.

There are several pilot and demonstration plants, mainly in Europe,
both for H2 and synthetic CH4 production, which have proven the
viability of the technology [3]. PtG system variations and configura-
tions devoted to the production of H2 and CH4 have been extensively
studied from a technical and environmental point of view, also in
combination with anaerobic digestion. Collet et al. [4] compared two
biogas upgrading scenarios (with amines and membrane technologies),
and three scenarios with the use of PtG technologies to produce bioCH4

with a fossil reference one of CH4 production from natural gas. They
found that PtG technologies are competitive economically with up-
grading scenarios for an average electricity price equal to 38 € MW h−1

for direct methanation and separation by membranes. In case of inter-
mittent operation, competitive prices of electricity for methanation can
be higher, depending on the operation time. As far as environmental
aspects are concerned, results showed that impacts of PtG are higher
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than biogas upgrading for continuous operation, while intermittent
operation can severely lower the environmental impact for non-direct
methanation scenarios if the consumed electricity is mainly renewable.
In [5] it was assessed that PtG systems are competitive economically
with conventional gas production systems when other services, such as
heat and oxygen supply are provided and bring environmental benefits
only when supplied with renewable sources. Castellani et al. [6] studied
experimentally the integration of PtG technology with hydrate-based
biogas upgrading, concluding that there are benefits in terms of net
energy stored, as gaseous CH4, passing from raw biogas utilization to
the integration of biogas upgrading with CO2 methanation. The energy
content improvement is 41.2%. Nevertheless, the addition of hydrogen
electrolysis within the energy system boundaries brings significant en-
ergy losses. Indeed, the energy benefit is reduced to 0.1%.

Zhang et al. [7] compared the environmental performance of PtG
with conventional H2 and natural gas production and utilization. They
found that the best option in terms of GHG emission reduction is re-
newable electricity supply coupled with biogenic CO2 sources.

A new research line related to the so-called synthetic fuel started
with CO2 sequestration from flue gas and its reaction with H2 to pro-
duce methanol [8,9] by combining the GHG emission reduction with
the use of renewable electricity excess due to the increase of the in-
termittent renewable energy supply or even combined with other waste
heat such as in [10]. This synergy is extended to inter-sectorial systems
[11] and multiple fuels production [12] for feeding power plants or
producing further raw material in industrial processes.

In this perspective, H2 from renewable energy can be used to pro-
duce chemicals, such as ammonia (NH3), in addition to CH4·NH3 is
produced conventionally via the Haber-Bosch process, which combines
H2 from steam reforming of natural gas and nitrogen (N2) from cryo-
genic air separation. In the literature, several studies show Life Cycle
Assessment (LCA) of various NH3 production paths: biomass gasifica-
tion [13], municipal waste, hydropower and nuclear energy for H2

production [14].
The present paper proposes flue gas as a source of reactants, both for

synthetic CH4 and NH3 production. Flue gas is a gaseous industrial
waste, composed mainly by N2 and CO2. N2 and CO2 constitute feed-
stock for NH3 and CH4 production, respectively, if combined with H2.
Considering the state of art, this is the first study in the literature on the
flue gas treatment process for the NH3 production via Haber-Bosch
synthesis and the CH4 production via Sabatier reaction in combination
with electrolysis for H2 production. The proposed integrated process
addresses a double challenge: (i) recycling of an industrial waste, such

as flue gas, and its conversion into a CO2/N2 source for high-value
products, CH4 and NH3 and (ii) utilization of renewable energy for H2

production as an energy storage option.
The Energy Footprint (EF) and the Carbon Footprint (CF) will be

assessed with the support of experimental data as analyzed by some of
the authors in a previous study [15], in which an environmental as-
sessment is performed to evaluate the production of methane from
hydrate-based biogas upgrading coupled with PtG technology. The CF
and EF are evaluated to understand the impact of the proposed solution,
in terms of GHG emissions and primary energy consumption. The re-
sults are presented and compared with traditional production processes.

2. Methods

The treatment process of flue gas, consisting of four main phases, is
described in the following section. Deriving from the deep analysis of
the process and experimental tests, the energy balance and environ-
mental assessment are computed.

2.1. Process description

The proposed process treats flue gas, the final gaseous product of
combustion, to produce CH4 and NH3 through renewable energy excess
exploitation. For their composition, flue gases from fossil fuel-fired
combustion facilities are major contributors to atmospheric pollution
[16]. The composition of flue gases depends on the fuel source, the
power plant and treatments; however, they generally consist of CO2, N2,
oxygen (O2) and water (H2O), sulfur dioxide (SO2), nitrogen oxides
(NOx) and hydrogen chloride (HCl). For the purposes of the investiga-
tion, a flue gas composed by CO2 and N2 is considered. Previous stages
of purification are not taken into account.

CO2 and N2 from flue gas are separately combined with H2 in the
Sabatier reaction to produce CH4 and in the Haber-Bosch process to
produce NH3, respectively. The overall process is shown in Fig. 1.

The separation of CO2 and N2 is carried out by silicone hollow fiber
membrane technology. The H2 that is required to realize the Sabatier
reaction and the Haber-Bosch process is provided by electrolysis of
water [17] based on renewable energy excess use.

CO2 and H2 are combined by Sabatier reaction, with a stoichio-
metric ratio of 1:4 and produces CH4 and water exothermically as
shown in Eq. (1):

+ ⇆ +CO 4H CH 2H O2 2 4 2 (1)

Nomenclature

Acronyms

CED Cumulative Energy Demand
CF Carbon Footprint
COP Coefficient Of Performance
EF Energy Footprint
GHG Greenhouse Gases
GWP Global Warming Potential
HHV Higher Heating Value
IPCC International Panel on Climate Change
LCA Life Cycle Assessment
PEM Proton Exchange Membrane
PtG Power to Gas
PV Photovoltaics

Chemical symbols

Al2O3 Aluminum Oxide

CH4 Methane
CO2 Carbon Dioxide
H2 Hydrogen
H2O Water
HCl Hydrogen Chloride
KOH Potassium Hydroxide
N2 Nitrogen
NH3 Ammonia
Ni Nickel
NiO2 Nickel Oxide
NOx Nitrogen Oxides
O2 Oxygen
PtG Power To Gas
SO2 Sulfur Dioxide
Zr Zirconium
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N2 is combined with H2 in accordance with the Haber-Bosch process,
with a stoichiometric ratio of 1:3 and in presence of a catalyst based on
magnetite. The chemical reaction for NH3 production is shown in Eq.
(2):

+ ⇆N 3H 2NH2 2 3 (2)

Methane and ammonia are stored in the gaseous form.
In the following sub-sections, the considered processes are de-

scribed.

2.1.1. Carbon dioxide/Nitrogen separation
Various technologies are used for post-combustion CO2 separation:

absorption with solvents or solid sorbents, pressure and temperature
swing adsorption with several solid sorbents, cryogenic separation,
membranes and other several emerging technologies. Among these
ones, clathrate hydrates are widely studied in the last few years [18]. In
accordance with reviews in the literature, membranes will be sig-
nificantly more efficient at separation than liquid absorption soon,
which is currently considered the most promising method [19]. In ad-
dition, membranes have several advantages over conventional separa-
tion techniques, such as low environmental impact, favorable eco-
nomics, ease of operation, and low maintenance [20]. Several
typologies of membranes are available for CO2 separation purposes:
polymeric and inorganic membranes, mixed matrix membranes, fa-
cilitated transport membranes and carbon membranes. A comprehen-
sive list of membranes and their permeability to CO2 and N2 is available
in [21]. According to [22], a polymeric gas separation membrane
guarantees the separation of CO2 from other gases, a good permeation
to the gas to have an intense gas flux during separation, as well as good
thermal and mechanical properties. In the present paper, the selected
membrane module is constituted by hollow fibers, which are small si-
licone micro-tubes with very thin walls (supplied PermSelect®). Tech-
nical data are shown in Table 1.

Hollow-fiber membranes have a higher productivity in the processes
of separation, since they provide high area-to-volume ratio, low re-
sistance to gas flow and the ability to support high transmembrane
pressure drops [23]. Since silicone is dense, the separation occurs be-
cause of the permeability difference between gases in the fibers. The
permeability coefficient is a parameter defined as the transport flux of a

gas (rate of gas permeation per unit area), per unit transmembrane
driving force per unit membrane thickness [24]. The permeability
coefficient, at 298 K and 0.1MPa, for N2 is 280 barrer while for CO2 it is
3250 barrer [25]. The separation factor, calculated as the ratio between
the two permeability coefficients is equal to 11.6 and this value in ac-
cordance with technical data by the supplier ensures an excellent se-
paration. The N2/CO2 mixture enters the membrane module through
the inlet port to the tube side and flows through the inside of the hollow
fibers. CO2 has the highest permeability and so transfers across the
hollow fiber walls leaving behind N2. The transferred gas is referred to
as the permeate (in this case the permeate is CO2). Exiting the outlet of
the tube side is the retentate, which constitutes a gas mixture with a
higher concentration of N2.

According to both [26,27], the trade-off between permeability and
selectivity limits the achievement of simultaneous high degree of CO2

separation and high CO2 purity with a one single-stage membrane. To
reach 90% CO2 separation and a 95mol% CO2 purity, a two-stage
membrane section with recirculation is considered, as shown in Fig. 2.

The separation section, shown in Fig. 2, uses a compressor at
0.4 MPa for the feed flue gas and a vacuum pump at 0.01MPa. Energy
calculations on this configuration are presented in [28] and energy
consumption is equal to 878.4 kJel per mass unit of separated CO2. In
accordance with [28], this value is consistent with energy consumption
of ammine-based process, which is the most used carbon capture
technology.

2.1.2. Hydrogen production
Water is decomposed into O2 and H2 by an electric current being

passed through the water. The electrolysis of one mole of water pro-
duces a mole of H2 gas and a half-mole of O2 gas in their normal dia-
tomic forms. Two moles of water undergo the transformation in Eq. (3):

+ → +2H O electrical energy O 2H2 2 2 (3)

Three water electrolysis technologies are widely investigated: alkaline
electrolysis, Proton Exchange Membrane (PEM) electrolysis and solid
oxide electrolysis. For large-scale applications, the most used water
electrolysis technology is the alkaline process, while PEM technology is
less mature than the alkaline one and is mostly used for small-scale
applications [29]. Solid oxide electrolysis is the least developed process
and it is not yet widely commercialized [30]. The electrolyzer used in
the experimental tests is based on PEM technology and is supplied by
Erre Due Srl (H03 series). Technical characteristics of the electrolyzer
are shown in Table 2. The energy efficiency, defined as the Higher
Heating Value (HHV) of H2 divided by the energy consumed by the
electrolysis system per kg of H2, is equal to 57.4%.

The electrolyzer was put in operation in 2005 and its power con-
sumption is quite high with respect to other devices in the market. As a
matter of fact, several studies in the literature show that power con-
sumption can reach values of 15480 kJ per Nm3 of H2 for alkaline
technology and 14760 kJ Nm−3 for PEM technology [31]. A reduction
of 10% on the alkaline electrolysis energy consumption was observed
when compounds of three d-metals (ZnCoMo) were added to the stan-
dard potassium hydroxide (KOH) solution [32]. Commercial alkaline
electrolyzer, supplied by Nel Hydrogen, has: (i) a declared power

Fig. 1. Scheme of the combined processes to produce NH3 and CH4 from flue
gas.

Table 1
Membrane module characteristics and operating conditions.

Parameter Value/typology

Membrane material PDMS (Silicone)
Membrane type Dense Hollow Fiber
Fiber ID (µm) 190
Fiber wall thickness (µm) 55
Max continuous operating temperature (K) 333
Max shell side pressure (MPa) 1.5
Typical gas flow rate (Nm3 h−1) 3.9
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consumption down to 13680 kJ Nm−3 (in the range of 13680–15840 kJ
Nm−3

H2 ) with a 78–90% energy efficiency and (ii) a water consumption
of 0.9 L per Nm3 of produced H2, with a water-to-hydrogen conversion
efficiency of 89% [33].

2.1.3. Methane production
The Sabatier reaction, used for CH4 production from CO2, is exo-

thermic (ΔH° = −165 kJmol−1) and occurs within the optimal tem-
perature range 523–673 K, in order to guarantee a higher CO2 con-
version and, consequently a higher CH4 selectivity. Heat produced by
the exothermic reaction is, thus, removed to maintain a relatively low
process temperature (around 623 K). Pressure is directly proportional to
H2 conversion and its effect is improved at higher temperatures, where
the equilibrium constant is low. The methanation of CO2 is thermo-
dynamically convenient (ΔG298K = 113.5 kJmol−1). However, the re-
duction of the fully oxidized carbon to CH4 is an eight-electron process
with important kinetic limitations. Therefore, a catalyst is used for
reaching acceptable rates and selectivity. Nickel was the first catalyst
used when Paul Sabatier discovered this process in 1897 and it is still
commonly used due to its availability and relative low cost. A support
with high surface area, usually oxides, has been applied extensively for
the preparation of metal catalysts. The most widely used reactor design
for methanation processes is the fixed bed reactor.

The CO2 methanation process was studied experimentally through
the operation of a lab-size apparatus. The schematic diagram is shown
in Fig. 3.

The apparatus is composed of an electrolyzer for H2 production
from Photovoltaic (PV) system, a CO2-H2 mixing section, a heating
section, a Sabatier reactor and a water separation section. H2 from the
electrolyzer is mixed with CO2 from gas bottles in stoichiometric pro-
portion. The gaseous mixture passes in the heating section, which is a
horizontal tube (diameter of 25.4 mm and length of 300mm) equipped
with three 700W mineral insulated band heaters, provided by Watlow.
The heating section is connected to the Sabatier reactor through a gate
valve (supplied by Swagelok, model SS-6nbs 10mm-G). The Sabatier
reactor is a cylindrical AISI 304 stainless monotubolar fixed bed reactor
(diameter of 25.4 mm and a length of 300mm). It is filled with nickel
(Ni) catalyst pellets.

Finally, the reaction products go to the water separation section,
constituted by a 6mm stainless steel cooling coil, immersed in a ther-
mostatic bath. In this section, water vapor condensation occurs and the
gaseous incondensable products are collected for gas chromatographic
analysis. The gaseous mixture flow rate is 0.63m3 h−1. The installation
of the apparatus is shown in Fig. 4. Gas flows are measured and con-
trolled by flowmeters, supplied by Bronkhorst (El-flow Series), with the
following characteristics: flow rate in the range from 0.08 to 4 Nm3/h;
maximum inlet pressure 3MPa; control stability lower than±0.1% FS

and temperature sensitivity lower than 0.05% FS/K.
The two cameras are provided with temperature and pressure sen-

sors:

• bourdon tube pressure gauge (NG100 series) supplied by Kobold
(accuracy class 1), with a pressure range from 0 to 4MPa;

• mineral insulated type K thermocouples (accuracy class 1).

Voltage signals from pressure transducers and temperature sensors
are collected by a software for data acquisition on a personal computer.
Pressure and temperature data are collected every 5 s. Gas chromato-
graphic analyses are carried out with a gas chromatographer supplied
by VARIAN (model VARIAN CP 4900 Micro-GC). Measurements, peri-
odically carried out with certified mixtures, show that uncertainties are
always lower than 1%, with an excellent repeatability on sequences of
samples [18].

The Sabatier reaction is catalyzed by Ni-based catalyst supplied by
BASF (G1-85 T5x5). BASF G1-85 Ni/Zr/Al2O3 catalyst contains metallic
nickel and zirconium on an aluminum oxide support: the nickel content
in weight is 50%. It is supplied in 1mm×4mm cylindrical pellets,
with a specific surface area of 123 m2g−1. The nickel oxide (NiO) is
converted into the catalytically active form for the methanation reac-
tion through an activation process described in [9]. Gas bottles were
supplied by Air Liquide Italia Service. The purity of CO2, N2 and H2

used in the CO2 methanation process for catalyst activation is 99.999%.
Three tests were carried out continuously using a stoichiometric H2/

CO2 ratio equal to 4 (H2 volume fraction and CO2 volume fraction equal
to 80% and 20%, respectively) and with an hourly space velocity (the
ratio between the flowrate and the reactor volume) of 413 h−1.
Experimental tests were carried out with an initial internal temperature
near to 673 K and an initial internal pressure from 0.2MPa to 2MPa.
Table 3 shows temperature and pressure values (referred to the internal
initial conditions and measured inside the reactor at the steady state),
final volume fractions in the gaseous mixture and CO2 conversion ef-
ficiency. The reaction time, which is considered to start from the tem-
perature increase, was equal to 30min for all the tests.

The CO2 conversion increases with pressure. Test at 2.0 MPa and at

Fig. 2. Membrane separation section [27].

Table 2
Electrolyzer technical data.

Parameter Value

Operating pressure (MPa) 0.25
Flow rate (Nm3 h−1) 2.5
Power consumption (MJ Nm−3) 21.6

Fig. 3. Methanation process.
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an internal temperature of 694 K, with a stoichiometric CO2/H2 ratio
shows a CO2 conversion equal to 95.55%.

2.1.4. Ammonia production
NH3 has a number of favorable attributes both as H2 carrier if

compared to other H2 storage materials and as fuel. First of all, NH3 has
a high capacity for H2 storage (about 17.7% stoichiometric content of
H2) [14]. Furthermore, the NH3 production is based on a very well-
known process, and technologies and plants for a large scale NH3

production and distribution are already available [34]. Comparing NH3

with H2 and various other fuels, it can make sense to store H2 as NH3,
characterized by an energy content equivalent to 21.23 MJ kg−1. An-
other important aspect of NH3 is that it contains no carbon. Therefore,
when ammonia-based fuel is burned, it produces lower greenhouse
gases emissions.

Technologies for ammonia storage are also well-developed. NH3 is a
compound with relative stability, liquid at 288 K and with a vapor
tension of 0.6MPa. It liquefies at ambient temperatures at about
1.0 MPa or at 240 K at 0.1 MPa; it is also stored as liquid solution with
water. It has decreasing solubility in solvent liquids as the temperature
of the solvent increases; at 288.6 K, the density of a saturated solution is
880 kgm−3 and contains 35% NH3 by mass. In general, three methods
of storage of liquid NH3 are currently used: at ambient temperature and
equivalent pressure, under pressure in spherical vessels, and at atmo-
spheric pressure at 240 K. The choice depends primarily on the quantity
of liquid NH3 to store, the economic aspect and the end use. In this
study, NH3 was considered compressed at about 1.0MPa.

The Haber-Bosch reaction used for NH3 production from N2 and H2

is highly exothermic and produces 92 kJmol−1. Optimal values of
temperature and pressure are included respectively between 623 and
823 K and 14–32MPa. High temperatures are necessary to split the bi-
nitrogen molecule, or to break triple bond existing between the two
nitrogen atoms. In this way, kinetics of the separation reaction is ac-
celerated but at the same time, this value of temperature makes the
synthesis reaction more complicated. The most widely used catalyst is
iron, because of its availability and its low cost.

Aluminum oxides are added to the catalytic mixture to protect the
catalyst and to hinder this process. The industrial process is composed
of several steps. H2 and N2 are compressed to reach the optimal value,

and then they are sent to the reactor where the heater heats them to the
right temperature and catalysts work for NH3 production. At the exit of
the reactor, there is NH3, and also unreacted H2 and N2. This mixture
goes to a heat exchange, which separates a part of unreacted reagents
and sends them to the reactor. The other part of the mixture has a high
NH3 percentage and reaches a capacitor in order to obtain pure NH3.
The remaining part of reactants is compressed a second time and sent to
the heat exchanger, then to the reactor. The produced NH3 is then
stored. The process units are shown in Fig. 5. A recycling loop is gen-
erally used since single-stage reactant conversion is very low and equal
to 15–20% [35]. Improved Haber-Bosch plant configurations have been
proposed based on the integration with biogas or gasification plants
[36].

Current industrial NH3 plants use H2 production processes, steam/
air reforming and partial oxidation process. The type of feedstock used
plays a significant role in the consumed energy amount and in the
produced CO2. The steam reforming of natural gas produces 2.1 kgCO2
kg−1

NH3, while in partial oxidation the emissions are in the range 3.3–4.6
kgCO2 kg−1

NH3 depending on the feedstock. According to literature stu-
dies, the average energy consumption in 93 NH3 plants was
36.6 MJ kg−1

NH3 [37].

2.2. Energy and environmental evaluation

In the following subsections, the energy balance of the process and
the method for energy and carbon footprint analysis are detailed.

2.2.1. Energy balance
Flue gas was assumed to be a gas mixture of CO2 and N2 (20% in

volume of CO2) at 293 K and 0.1MPa [38]. 1 kg of flue gas is con-
stituted by 25.6 mol of N2 and 6.4mol of CO2. For CO2/N2 separation, a
two-stage membrane separation process with a CO2 purity of 95% and a
CO2 separation degree of 90% was considered. The specific energy
consumption was calculated in [39] and is equal to 878.4 kJel kg−1

CO2.
Considering the composition of the flue gas, the energy consumption is
equal to 235 kJel kg−1

fluegas. After separation, which is assumed to ensure
90% CO2 separation and a 95mol% CO2 purity, 6.1 mol of CO2 at
0.4 MPa are used for the Sabatier reaction and 24.4 mol of N2 are used
for the Haber-Bosch reaction. H2 is produced by electrolysis of water.
The H2 moles necessary for Sabatier reaction and NH3 production are
calculated using the stoichiometric proportions and are equal to 97.4
molesH2 kg−1

fluegas. Energy consumption for the electrolysis is equal to
13680 kJ Nm−3

H2 as in [33]. Energy costs related to the methanation
process consist of:

• H2 and CO2 compression for injection into the synthesis reactor,

• energy consumption for reactor’s heating to the synthesis tempera-
ture,

Fig. 4. Experimental apparatus for CO2 methanation process: (a) front view; (b)
side view.

Table 3
Test conditions for CO2 methanation.

Test Pressure
[MPa]

Temperature [K] Final % v/v CO2 conversion
efficiency [%]

H2 CH4 CO2

1 0.2 690 26.52 65.70 7.78 64.58
2 1.0 675 24.58 64.75 3.95 80.25
3 2.0 694 2.68 96.43 0.89 95.55

Fig. 5. Scheme of Haber-Bosch process.
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• removal of reaction heat.

To assess the above cited contributions, the following assumptions
were made. H2 is compressed to 0.4MPa and then mixed with CO2 from
the separation section. The gaseous mixture is compressed from
0.4MPa to 2.0 MPa, with an initial temperature of 293 K, through a
single stage compression. The following efficiencies were considered:
isentropic efficiency equal to 0.85, mechanical efficiency equal to 0.93
and electrical efficiency equal to 0.98. The H2/CO2 mixture is heated to
724 K from the final compression temperature of 408 K in order to reach
the operating conditions. Heating is assumed to be carried out by band
heaters as in Section 2.1.3; the energy conversion efficiency is assumed
equal to 0.75 to take into account heat losses. Sabatier reaction is an
exothermic process, with an enthalpy of formation of 165 kJmol−1.
Reaction heat is considered to be removed through a cooling process
with a coefficient of performance (COP) equal to 3. Water-methane
separation is not considered since it occurs at environmental tempera-
ture. For the NH3 production, N2 is mixed with H2 with 1:3 stoichio-
metric ratio. As for the methanation section, energy costs consist of H2

and N2 compression, heating to the synthesis temperature and removal
of reaction heat and the same assumptions were considered for the
calculation. The mixture is considered to be compressed to 25MPa with
a four-stage compression with intercooling. The mixture is then heated
to 823 K . The reaction heat, equal to 45.64 kJmol−1 is removed with a
chiller with a COP equal to 3. NH3 separation is a condensation process,
whose energy consumption is considered equal to zero. The analyzed
energy costs are summarized in Table 4.

The total energy consumption per mass unit of flue gas is equal to
36,328 kJel, which corresponds to 186,418 kJel per unit mass of H2. The
electrolysis covers almost 80% of the electrical energy costs. The cor-
responding primary energy need, considering a conversion factor of
0.46, is 78973 kJ kg−1

fluegas equal to 405,256 kJel kg−1
H2 . The electric en-

ergy/primary energy conversion factor is related to the Italian energy
scenario and determined by the Italian authority ARERA [40].

The investigated process produces 5.8mol (0.166 kg) of CH4 and
9.7 mol (0.092 kg) of NH3 (Table 5). The conversion of a mass unit of H2

leads to 0.475 kg of CH4 and 0.850 kg of NH3. To calculate the energy
output, the following considerations were made. For the Sabatier re-
action, the experimental conversion efficiency, obtained in Section 2.3
and equal to 95%, was considered. For the NH3 production, the con-
version efficiency was assumed equal to 20%, as found in the literature
[41]. For both processes, calculations refer to a single-stage process
without reactant recirculation. Since heat of combustion is equal to
50000 kJ kg−1 and 18480 kJ kg−1 for CH4 and NH3, respectively, the
energy output for mass unit of flue gas is 7684 kJ (Table 5). The energy
output for mass unit of H2 is 39433 kJ.

2.2.2. Carbon and energy footprint method
The life-cycle CF and EF are performed with the SimaPro® v8.4.0.0

software [42] in accordance with ISO/TS 14,067 [43] and the ISO
14,040 series [44]. The standard CF method IPCC 2013 GWP 100a
within the SimaPro software is used [42]; the quantification is based on
the activity data multiplied by appropriate emission factors that
quantify CO2eq emissions per unit activity. The GHG emissions asso-
ciated to the i-th process (CFi) is computed using equation (4):

= ∙CF EF Ai i i (4)

where Ai is the activity data and EFi is the emission factor of the i-th
process, respectively.

The life-cycle primary energy consumption is also computed se-
lecting the Cumulative Energy Demand (CED) assessment method. The
CED of a product or system throughout the entire life cycle includes
both the direct and indirect energy use, allowing the calculation of the
EF. This enables the evaluation of the primary energy consumption and
the GHG emissions associated to the flue gas treatment process for the
production of NH3 via Haber-Bosch synthesis and the production of CH4

via Sabatier reaction starting from flue gas separation.
The LCA analysis was carried out in accordance with a cradle-to-

gate approach, considering input material and production phases of a
ready-to-use gas. The reference functional unit is 1 kg of flue gas treated
in input, but results will be presented also for 1 kg of H2 used. The
system boundaries,given in Fig. 6, are focused on all the processes and
materials required to convert flue gas into CH4 and NH3. In particular,
they include the production of input materials (i.e. reagents, water,
catalyst, and membrane), and the production of energy required by
separation, electrolysis, methanation and ammonia synthesis processes.
The boundaries do not include the energy conversion of the CH4 and
NH3 produced. A mass allocation was used to evaluate the impact, in
terms of energy and GHG emissions, of the different phases of the
process.

The energy needs for the process steps are supplied by a renewable
multicrystalline PV system. The solar technology was determined on
the basis of its CF. In accordance with Ecoinvent database within
SimaPro Software [42], multicrystalline silicon solar cells have a CF of
20.5 kgCO2eq per GJ produced, while single crystalline silicon solar cells
have a CF of 24.2 kgCO2eq per GJ produced. To study also the case in
which the renewable electricity excess is not available, the LCA analysis
was carried out also for the case of the electricity supply from the grid.

Inventory data referred to 1 kg of flue gas treated are shown in
Table 6. For the evaluation of the amount of membrane and catalyst
necessary for the treatment of 1 kg of flue gas, the lifetime and the
annual working hours were considered.

To quantify the membrane needed to treat 1 kg of flue gas, a lifetime
of 10 years, a total weight of 0.475 kg, 700 h y−1, and a flow rate 3.6
Sm3 h−1 are considered.

In Table 6 process energy needs are covered by electricity. Elec-
tricity is used for reactants’ compression and heating and for removal of
reaction heat. For CO2 methanation, inventory data are based on the
configuration and operation of the experimental apparatus in which
heat is supplied by electrical band heaters. In industrial plants, heat
recovery allows to obtain much more efficient configurations: the heat
of the methanation reaction, for instance, could be used for the re-
generation of scrubbing liquids or sorbents in the CO2 separation sec-
tion or, alternatively, for pre-heating reactants.

Electricity input in ammonia industrial plants is not used, as most of
NH3 production is based on steam reforming in which heat recovered
from the primary reformer flue gas is used to produce high pressure
steam used to drive synthesis gas, process air and refrigeration com-
pressors [45]. In addition, gases from reforming sections, before en-
tering the synthesis reactor, are already at high temperature. Heat
needs are generally supplied by burning natural gas or other gaseous
fuel. This configuration is not consistent with the presented process, in
which steam reforming is replaced by water electrolysis.

Table 4
Energy input for CO2 methanation and NH3 production.

Energy input

Process Energy consumption (kJel kg−1
fluegas) (kJel kg−1

H2 )

N2/CO2 separation Membrane separation 235 1208
H2 production Electrolysis 29,839 153,120
CO2 methanation Compression 1498 7686

Gas mixture heating 1354 6947
Reaction heat removal 318 1631

NH3 synthesis 4-stage compression 1625 8341
Gas mixture heating 1384 7104
Reaction heat removal 74 380

Total energy consumption 36,328 186,418
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3. Results and discussion

Results of the LCA analysis show that, considering 1 kg of flue gas as
functional unit of the study, CF and EF are 0.7819 kgCO2eq kg−1 and
50.73MJ kg−1, respectively. The process is formed by two sections:
CO2 methanation and NH3 synthesis via Haber-Bosch reaction. The
obtained results were calculated on the basis of experimental data for
the methanation process and on numerical calculations for the NH3

section, in which a conversion efficiency of 0.2 without recirculation
was considered. The estimate of the process footprint is performed
considering that the electric energy, consumed within the process, is
produced by PV. Fig. 7 shows the network view referred to the process
that used electricity excess from renewable energy (in this case from
PV).

A detail of CF analyses, when the required electricity is supplied by
PV system, is given in Table 7. It can be noted that most of the en-
vironmental impact (approx. 99.8%), in terms of GHG emissions, comes
from energy consumption (Fig. 7). In particular, H2 electrolysis is re-
sponsible for 82% of the energy consumption.

From data in Table 7, the CO2 methanation process is responsible
for 29.48% of CF (0.2305 kgCO2eq kg−1

fluegas) and 29.45% of EF
(14.94MJ kg−1

fluegas), respectively. The produced CH4 is equal to
0.092 kg (Table 5), corresponding to 0.129 Nm3. For the CO2 metha-
nation process, the CF and EF associated to the electricity from the solar
renewable source are 8.71% and 8.72%, respectively. From values in
Tables 5 and 7, the emitted CO2 per GJ of energy from the combustion
of the produced CH4 is equal to 49.7 kgCO2eq GJ−1, which is much lower
than that calculated in [5] (112.7–118.9 kgCO2eq GJ−1). This range is
referred to a CO2 methanation process with different electrolyzer sizes
from 25 kW to 1000MW and with CO2 supply from direct atmosphere
capture.

The NH3 synthesis process is responsible for 70.52% of CF (0.5514
kgCO2eq kg−1

fluegas) and 70.55% of EF (35.79MJ kg−1
fluegas). The produced

NH3 is equal to 0.166 kg kg−1
fluegas. This value is very low because of the

conversion efficiency assumed to be 0.2. In real processes, with the
presence of recirculation of unreacted N2/H2, the conversion efficiency
reaches value up to 0.9. Considering that the PV electricity consump-
tion for the NH3 process has a very low impact on the overall CF and EF
(8.47% and 8.49% respectively), an advanced production process with
recirculation could be performed in order to reach higher NH3 pro-
duction. In this case, the amount of produced NH3 would be
0.745 kg kg−1

fluegas and CF would be 0.740 kgCO2eq kg−1
NH3. The CF of the

process is much lower than data for NH3 production via traditional
process, which show a CF in the range from 2.1 to 4.6 kgCO2eq kg−1

NH3, as
reported in Section 2.1.4.

Comparing data of the methanation and the NH3 production pro-
cesses, in both cases the weight of the PV electricity for process stages
on the overall CF and EF is much lower than the consumed electric
energy for H2 electrolysis, which results as the most energy-consuming
section of the process. Despite this, producing H2 through the use of
renewable solar energy becomes an important technological path for
renewable energy storage, which helps in reducing fluctuation in
electricity production and increasing grid production-demand balance
in temporal and spatial dimensions.

To include also the case in which the renewable electricity excess is
not available, a further analysis was computed for a system using the
electricity from the grid, considering the production mix for Italy.
Results are summarized in Table 8.

In case of energy supply from the grid, the CF is 1.550 kgCO2 and the
EF is 59.12MJ per kg of flue gas, which correspond to 7.954 kgCO2 and
303.4MJ per kg of H2 produced. Using the electricity from the grid
leads to a double value of CO2 emissions with respect to the case of
completely renewable energy use. The specific EF changes from
50.73MJ to 59.12MJ, with a 14% increase.

In the face of a positive CF, the integrated production of synthetic
CH4 and NH3 from flue gas indirectly leads to avoided emissions, which
should be accounted. Firstly, flue gas is not released in the atmosphere
but converted into valuable products. The CO2 in a flue gas mass unit,
not emitted into the atmosphere, is equal to 0.282mol.

The synthetized CH4 replaces that produced from fossil sources,
while the produced NH3 replaces that produced from traditional pro-
cesses. In accordance with literature data and Ecoinvent 3.3 database
within SimaPro® v8.4.0.0 Software [42], natural gas production at ex-
traction has a CF equal to 0.0.444 kgCO2eq Nm−3, while NH3 production
emissions ranges from 1.99 kgCO2eq kg−1

NH3 for a steam reforming process
to 3.02 kgCO2eq kg−1

NH3 for a partial oxidation process. In addition, the
avoided carbon emissions related to CH4 production (0.092 kg) are
equal to 0.061 kgCO2eq kg−1

fluegas and those related to the NH3 production
(0.166 kg) range from 0.330 to 0.501 kgCO2eq kg−1

fluegas, with an average
value of 0.415 kgCO2eq kg−1

fluegas. The total amount of the avoided CO2

emissions ranges from 0.673 to 0.844 kgCO2eq kg−1
fluegas with an average

value of 0.758 kgCO2eq kg−1
fluegas.

It can be stated that, in case of renewable energy excess use, the flue
gas treatment path globally constitutes a carbon-neutral process, and
even results in estimated negative balance values, thus proving the

Table 5
Energy output for CO2 methanation and NH3 production.

Energy output

Product Amount
(mol
kg−1

fluegas)

Amount (kg
kg−1

fluegas)
Amount
(kg kg−1

H2 )
Energy
content (kJ
kg−1

fluegas)

Energy
content kJ
kg−1

H2 )

CH4 5.8 0.092 0.475 4623 23,725
NH3 9.7 0.166 0.850 3061 15,708

Fig. 6. System boundaries.

Table 6
Inventory data for the treatment of 1 kg of flue gas.

Phase Input Unit Amount Data source

Flue gas separation Membrane kg 1.03E−05 Computational data
Electricity kJ 235 Computational data

CO2 methanation H2 kg 0.04871 Experimental data
Electricity kJ 3169 Experimental data
Catalyst kg 7.69E−05 Experimental data

NH3 synthesis H2 kg 0.1461 Computational data
Electricity kJ 3084 Computational data
Catalyst kg 1.04E−05 Computational data
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sustainability of the proposed process and its possible classification as a
carbon recycling strategy to close the loop of CO2 and, at the same time,
put back carbon neutral fuel into the system.

4. Conclusions

In this paper, the authors propose a novel path to treat flue gas, in
which H2 production from electrolysis is integrated with ammonia
production from N2 by Haber-Bosch process and CH4 production from
CO2 by Sabatier reaction.

PtG when combined with CO2 and N2 capture and storage tech-
nologies can be seen as a double solution: to provide energy supply and,
at the same time, to put back into the industrial cycle further raw

Fig. 7. Network view of CF results.

Table 7
Carbon and energy footprint.

Phase Carbon footprint Energy footprint

(kgCO2eq kg−1
flueGas) (kgCO2eq kg−1

H2 ) (%) (MJ kg−1
flueGas) (MJ kg−1

H2 ) (%)

CO2 Methanation 0.2305 1.183 29.48 14.94 76.65 29.45
Catalyst 0.0004890 0.002509 0.06 0.006698 0.03437 0.01
Flue gas separation 0.001439 0.007384 0.18 0.09280 0.4762 0.18
Electricity PV 0.0681 0.3494 8.71 4.4230 22.70 8.72
H2, electrolysis 0.1605 0.8235 20.52 10.42 53.45 20.53

NH3 Synthesis 0.5514 2.830 70.52 35.79 183.6 70.55
Catalyst 6.612E−05 3.393E−04 0.01 9.058E−04 0.004648 0.00
Flue gas separation 0.003663 0.01880 0.47 0.2362 1.212 0.47
Electricity PV 0.06626 0.3400 8.47 4.304 22.09 8.49
H2, electrolysis 0.4814 2.5 61.57 31.25 160.3 61.60

Flue gas treatment 0.7819 4.012 100 50.73 260.3 100

Table 8
Carbon and Energy Footprint considering Italian Energy mix.

Phase Carbon footprint Energy footprint

(kgCO2eq
kg−1

fluegas)
(kgCO2eq
kg−1

H2 )
(MJ kg−1

fluegas) (MJ kg−1
H2 )

NH3 synthesis 0.9302 4.773 39.93 204.9
CO2 Methanation 0.6197 3.180 19.19 98.48
Flue gas treatment 1.550 7.954 59.12 303.4
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materials flow for other kind of production purposes.
The process is studied through a LCA approach to determine carbon

and energy footprint. Laboratory tests were performed to provide real
data for CF and EF calculations. The reference functional unit is 1 kg of
flue gas treated in input. The system boundaries include all the phases
from production of input materials (reagents and water) and energy
wares (electricity and H2). The main results of the study are summar-
ized hereunder:

• Results of experimental tests on CO2 methanation section show a
CO2 conversion equal to 95.55% at 2.0MPa.

• The total energy consumption per mass unit of flue gas is equal to
36,328 kJel and 186,418 kJel per mass unit of H2. The electrolysis
covers almost 80% of the electrical energy costs.

• From 1 kg of flue gas, 0.166 kg of CH4 and 0.092 kg of NH3 are
produced.

• The total CF of the flue gas treatment process is 0.7819 kgCO2eq
kg−1

fluegas, in case of electricity excess from renewable energy·NH3

production is responsible of about 70% of the carbon footprint while
CH4 production is responsible of about 30%.

• The analysis was computed also in case of electricity from the grid,
when the renewable electricity excess is not available. In this case,
the total CF of the flue gas treatment process is 1.550 kgCO2eq
kg−1

fluegas.

• In the face of a positive carbon footprint, the integrated production
of synthetic CH4 and NH3 from flue gas indirectly leads to avoided
emissions. The total amount of the avoided CO2 emissions ranges
from 0.673 to 0.844 kgCO2eq kg−1

fluegas with an average value of 0.758
kgCO2eq kg−1

fluegas. This entails this process can be recommended to
achieve carbon reduction targets by means of a CO2 recycling
strategy.
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